Because bud mutation occurs in a specific part of a plant, the genomic backgrounds of mutant and wild-type branches are identical except for mutations. Therefore, bud mutants are ideal for identifying key genes governing important crop traits. We studied Giant La France (GLaF), a bud mutant setting large fruit, which appeared spontaneously in the European pear (Pyrus communis L.) 'La France'. In GLaF, increased cell size and DNA reduplication occurred specifically in fruit flesh. With the goal of identifying genes expressed differentially between GLaF and 'La France', microarray analysis was performed with RNA extracted from the receptacle (fruit flesh) 1 week before the full bloom stage. The receptacle was isolated by laser microdissection. Genes encoding proteins localized in the nucleus and cytoskeleton were up-regulated in GLaF. Among these genes, several were homologous to genes previously described to be associated with DNA reduplication. These might be related to the molecular mechanism of GLaF fruit size mutation.
Introduction
Fruit size is one of the most important commercial traits of a fruit. Many attempts have been made to identify the key that determines fruit size (Martre et al., 2011) . Final fruit size is determined by both cell number and cell size. Among the genes involved in the regulation of cell number in fruits, FW2.2 and FASCIATED were identified by quantitative trait locus (QTL) analyses of tomato (Tanksley et al., 2004) . FW2.2 encodes ORFX, whose molecular function is unclear. FW2.2 negatively regulates fruit size by controlling cell division during early fruit development (Cong et al., 2002; Frary et al., 2000) . FASCIATED encodes a YABBY-like transcription factor and regulates fruit carpel number (Cong et al., 2008) . Cell size is positively correlated with polyploidization, which increases the amount of DNA in cells (Cheniclet et al., 2005; Chevalier et al., 2011) . Two types of polyploidization in which the cell cycle is modified are endoreduplication and endomitosis. Endoreduplication is chromosome duplication without sister chromatid segregation, leading to an increase in chromosome size. Endomitosis is a mitotic cycle within the nuclear envelope that leads to an increase in the number of chromosomes (D'Amato, 1984) . Endoreduplication is observed in the fruit flesh of several species, such as 302 tomato, peach, cherry, and strawberry (Chevalier et al., 2011) . Representative examples of genes regulating fruit endoreduplication and cell size are WEE1 and CCS52A. Suppression of the gene encoding WEE1, a cell cycleassociated protein kinase, in tomato reduced endoreduplication level, fruit cell size, and fruit size (Gonzalez et al., 2007) . Similarly, suppression of the gene encoding CCS52A, an anaphase-promoting complex activator, in tomato reduced endoreduplication, cell size, and fruit size (Mathieu-Rivet et al., 2010) .
As mentioned above, in an annual crop, such as tomato, key genes for fruit size, such as FW2.2, FACIATED, WEE1, have been identified by QTL analysis or by analyses of transgenic plants. On the other hand, in fruit tree research, heterozygosity, long juvenility, large plant size, and difficulty in gene transformation hinder the search for such genes. However, fruit trees show an interesting phenomenon called bud mutation, also called bud sport. A bud mutation occurs in a single branch and confers a different phenotype from the other branches. Bud mutations occur naturally, but can be induced artificially with gammaray radiation. New cultivars have often been bred by isolation of mutant branches from mother trees and further propagation. Among the cultivars derived from natural bud mutants are the self-compatible Japanese pear cultivar 'Osanijisseiki' (Furuta et al., 1980) and the high lycopene-accumulating sweet orange cultivars 'Cara Cara' and 'Hong Anliu' (Lee, 2001; Liu et al., 2007) . Cultivars derived from artificial bud mutants induced by gamma-ray radiation include the Japanese pear cultivars 'Osa Gold', 'Gold Nijisseiki', and 'Kotobuki Shinsui', which are resistant to black spot disease (Yoshioka et al., 1999) . Because bud mutation occurs in a specific part of the plant, the genomic background of the mutant and wild-type branches are identical except for mutations. For this reason, bud mutants are ideal for identifying key genes governing important traits of crops. However, few useful genes have been identified from bud mutants because of the difficulties in fruit tree research mentioned above. Recent advances in DNA sequencing and "-omics" technologies have enabled the comprehensive comparison of genomes, transcripts, proteins, and metabolites between mutant and wild-type branches. These approaches allow the identification of the responsible genes of bud mutations and accelerate bud mutation analyses. Although few "-omics" approaches have been applied to bud mutation research, transcriptome and proteome analyses of bud mutations of sweet orange that accumulated high lycopene were successfully used to identify key genes and proteins for lycopene accumulation (Liu et al., 2007 Xu et al., 2009 Xu et al., , 2010 .
In this study, we focused on Giant La France (GLaF), a bud mutant (mutant branch) of the European pear (Pyrus communis L.) cultivar 'La France'. GLaF sets 700 g to 820 g of fruits while wild-type branches set 400 g to 440 g of fruits (Isuzugawa et al., unpublished data) (Fig. 1A) . The Brix value of GLaF fruits is similar to that of fruits from wild-type branches. In GLaF fruits, no significant change in cell number was observed, but the cell size was larger than that in wild-type fruit (Fig. 1B) . Normal 'La France' is diploid and the ploidy level of its fruit flesh is 2C. Interestingly, the ploidy of GLaF fruit flesh at harvest time is only 4C, although those of the other floral organs, leaves, and seeds are 2C (Isuzugawa et al., 2005) . These observations suggest that DNA reduplication occurs specifically in the flesh of GLaF fruits. Accordingly, GLaF may be useful for studying the mechanisms of fruit enlargement and DNA reduplication. Endoreduplication is observed in many fruits; however, endoreduplication has not been observed in apple or pear (Chevalier et al., 2011; Harada et al., 2005) . It is likely that one or several gene mutations occurred in a branch of GLaF and caused DNA reduplication in fruit flesh, leading to increased fruit cell size and fruit size. Endoreduplication and endomitosis are known to induce an organ-specific increase in the amount of DNA (Seguí-Simarro and Nuez, 2008) . These phenomena are speculated to be involved in DNA reduplication in GLaF.
In this study, we performed flow cytometric analysis to identify when DNA reduplication occurs in GLaF, and we also performed microarray analysis to identify the mutated gene and differentially expressed genes in GLaF.
Materials and Methods
Plant material Pyrus communis 'La France' flower buds were harvested 1 week before full bloom from a tree in a farmer's orchard in Kaminoyama, Yamagata prefecture, Japan. GLaF flower buds were harvested from the bud mutant branch of the same tree. For flow cytometric analysis, the harvested flower buds were cooled immediately on ice and kept at 4°C until used. For laser microdissection (LM), the lower parts were cut from the buds and immediately immersed in a fixative [75% (v/v) ethanol/25% (v/v) acetic acid] in a glass vial and fixed under a vacuum for 5 min. The vacuum infiltration step was performed three times with fresh fixative. Samples were left in the fixative overnight at 4°C.
Flow cytometric analysis
Flow cytometric analyses were performed as described by the CyStain UV Precise P (Partec GmbH, Munster, Germany) manufacturer's protocol. The nucleus was extracted by chopping up the lower part of the flower bud, including the receptacle, in 0.2 mL extraction buffer (Partec GmbH). After 10 min the suspension was filtered through a nylon membrane filter (50-μm mesh; Partec GmbH) and 1 mL staining solution was added. The nuclear suspensions were analyzed with a Partec-PA1 flow cytometer (Partec GmbH). A total of 14,000 counts were collected.
Laser microdissection
Paraffin embedding and preparation of paraffinembedded sections were performed as described by Takahashi et al. (2010) . In brief, the lower parts of flower buds in fixative were dehydrated in a graded ethanol series and then embedded in Paraplast Xtra (Fisher Scientific, Pittsburgh, PA, USA), sectioned to a thickness of 12 μm with a Leica RM2135 rotary microtome (Leica Microsystems, Wetzlar, Germany), and mounted on PEN membrane glass slides (Molecular Devices, Sunnyvale, CA, USA) for LM. To remove the paraffin, slides were immersed twice in Histoclear II (National Diagnostics, Atlanta, GA, USA) for 5 min and then air-dried completely at room temperature. LM was performed using the Veritas Laser Microdissection System LCC1704 (Molecular Devices). The target cells that fused to the CapSure Macro LCM cap (Molecular Devices) were collected by removing the cap from the tissue section. The lower part of a flower bud, which includes the receptacle, was used for each LM experiment, RNA isolation, and microarray analysis.
Microarray analysis
Total RNA was extracted from a receptacle isolated by LM with a PicoPure RNA isolation kit (Molecular Devices), and quantified with a Quant-iT RiboGreen RNA reagent kit (Invitrogen, San Diego, CA, USA). Quality of the total RNA was assessed using a RNA 6000 Pico Kit on an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA integrity was assessed as RNA integrity number (RIN) calculated with 2100 Expert software (version B.02.02, eukaryote total RNA pico mode; Agilent Technologies), and total RNA, with an RIN of > 5.0, was used for microarray analysis.
Reverse transcription of mRNA in the total RNA samples (20 ng each) and synthesis of labeled cRNA was performed using the Low Input Quick Amp Labeling Kit, one color (Agilent Technologies) according to the manufacturer's instructions. The labeled cRNA was hybridized to the Japanese pear custom 44K oligo microarray (GPL13124) using the Gene Expression Hybridization kit (Agilent Technologies) as a hybridization buffer at 65°C for 17 h in a hybridization chamber. The oligoarray was designed from the 11,540 representative ESTs from 24,945 sequences collected mainly from 11 Japanese pear 'Housui'(syn. 'Hosui') cDNA libraries (leaf bud, leaf, flower bud, flower before opening, flower at full bloom, fruitlet at three developmental stages, immature fruit, fruit at optimum maturity for eating, and over-ripened fruit) (Nishitani et al., 2009) .
After hybridization, the array slides were washed with Gene Expression Wash Buffer (Agilent Technologies) and the dried slides were scanned with an Agilent microarray scanner (G2505C; Agilent Technologies). Raw scan data were captured using Agilent Feature Extraction software (version 10.7.1.1; Agilent Technologies). Three biological replications were analyzed using three different pools of flower buds.
Microarray data analysis
The dataset were normalized using the Subio Platform (Subio Inc., Tokyo, Japan), by log-based transformation and global normalization. A t-test was used to estimate the P values of the observed differences between the normalized intensities.
For gene annotation, probe sequences were matched to coding sequences (CDSs) of the Chinese pear (v1.0, data name: pear.gene.cds) obtained from Pear Genome Project (http://peargenome.njau.edu.cn:8004/, August 27, 2013) and apple (v1.0, data name: Consensus gene model CDSs) obtained from GDR (http:// www.rosaceae.org/, August 27, 2013) (Jung et al., 2008) by BLASTN similarity searches using the EST sequences used for designing the Japanese pear custom oligoarray (GPL13124) (Nishitani et al., 2010 (Nishitani et al., , 2012 ) as a query with maximum E value of 1e-30. The Arabidopsis genes most similar to the Chinese pear or apple predicted CDSs were searched by the BLASTX program using apple or Chinese pear CDSs above as the query and Arabidopsis protein sequences (TAIR10_pep_20101214 updated on 08/23/2011) as the database. Japanese pear EST sequences were classified according to the MIPS Functional Catalogue database (Ruepp et al., 2004 ) using matched Arabidopsis genes as queries.
Results

Flow cytometric analysis
Although the ploidy of 'La France' fruit at harvest time is only 2C and the ploidy of GLaF fruit is only 4C (Isuzugawa et al., 2005) , it is unclear at what stage the ploidy of GLaF fruit increases. Thus, the ploidy level in the lower part of the flower bud, which includes the ovary and the receptacle (young fruit flesh tissue) 1 week before full bloom, which is before active cell division at the receptacle, was determined by flow cytometric analysis. The ploidy of 'La France' was only 2C and that of GLaF was both 2C (35%) and 4C (65%) (Fig. 2) . This result showed that DNA reduplication in GLaF fruit had already occurred by 1 week before flowering. To determine gene expressions related to DNA reduplication in GLaF fruit, we decided to use flower buds that were sampled 1 week before full bloom for microarray analysis.
Isolation of receptacle by LM and microarray analysis
The image of pear flower bud 1 week before full bloom and a diagram of its cross section are shown in Figure 3 . Isuzugawa et al. (2005) observed ploidy levels of only 4C in flesh (receptacle) of GLaF fruit at harvest time, 2C and 4C in the core (ovary and part of the receptacle) of the fruit, and 2C in seeds. Therefore, to identify genes involved in DNA reduplication, we isolated RNA samples from isolated receptacles without contamination by other organs and used them for microarray analysis. Because the flower bud is too small for unaided isolation of the receptacle, we used LM (Nakazono et al., 2003; Nelson et al., 2006) to isolate pure receptacles of GLaF and 'La France' from flower buds 1 week before full bloom (Fig. 4) .
The RNA samples extracted from the LM-isolated receptacles were labeled with Cy3 dye and the labeled complementary RNAs (cRNAs) were then used to perform one-color microarray analysis using Japanese pear custom oligoarrays. The microarray experiment was repeated three times using RNA from receptacles isolated from 2-3 flower buds in each experiment.
Apple and Chinese pear CDSs predicted from the genome sequence (Jung et al., 2008; Wu et al., 2012) were used as a reference to annotate Japanese pear ESTs because apple and Chinese pear are genetically closely related to Japanese pear. BLASTN similarity searches were used to obtain the most homologous apple and Chinese pear CDSs for each Japanese pear ESTs, yielding 6,996 apple CDSs with high similarity (E < 1e-30) to 9,949 Japanese pear ESTs, and 6,559 Chinese pear CDSs with high similarity (E < 1e-30) to 9,711 Japanese pear ESTs. The most homologous Arabidopsis genes were searched for apple and Chinese pear CDSs by BLASTX similarity searches. The obtained Arabidopsis genes were almost the same between apple and Chinese pear CDSs. Because slightly more Japanese pear ESTs were annotated when using apple CDSs, we used apple CDSs as a reference. We selected probes whose Cy3 intensities after normalization were more than 1.5 times higher or lower in GLaF than in 'La France' (t-test, P < 0.05). If more than one EST was highly similar (E < 1e-30) to one apple CDS, they were assumed to originate from the same gene and the probe with the lowest P value was taken. By these criteria, 277 genes were up-regulated and 122 genes were down-regulated in GLaF. Among up-regulated genes, 5 genes showed a change more than 4 times higher in GLaF. Among down-regulated genes, 1 gene was more than 4 times lower (Table 1) . NFR1_26_59 and NFW2_26_58 did not show enough similarity to Arabidopsis genes; however, NFR1_26_59 showed similarity to an uncharacterized protein of Vitis vinifera in UniProtKB (F6I554) and NFW2_26_58 showed similarity to an anion transporter of Chlamydomonas reinhardtii in UniProtKB (Q75NZ3). A homolog of NLE2_07_80 (β-D-xylosidase 4) was previously reported as the gene encoding secondary cell wall metabolism in Arabidopsis (Goujon et al., 2003) . However, functions of the other homologs of highly upor down-regulated genes have not been reported previously.
Functional categorization of differently expressed genes
To categorize genes according to their functions, we classified the genes according to the MIPS Functional Catalogue database (Ruepp et al., 2004) using best hit Arabidopsis genes. Genes whose expression was up-or down-regulated in GLaF were categorized by subcellular localization (Table 2 ). Among up-regulated genes in GLaF, "Cytoskeleton" and "Nucleus" were significantly enriched (one-sided binomial test, P < 0.01). Because DNA reduplication occurs within the nucleus, and the cytoskeleton plays indispensable roles in cell division and nuclear division, next we considered the up-and down-regulated genes in GLaF classified into the "Nucleus" or "Cytoskeleton" categories.
On the other hand, among the down-regulated genes in GLaF, "Extracellular/secretion protein" was significantly enriched. Genes categorized into "Extracellular/ secretion protein" are involved in cell wall regulation or stress response, but not in cell division or the cell cycle. Three cell wall-regulating genes and two stress response genes were included in this category (Table 3) , and there are no cell division or cell cycle-related genes according to previous reports. However, because cell wall regulation is involved in cytokinesis through cell plate formation (Assaad, 2001) , the possibility that these genes are involved in DNA reduplication is not excluded.
Genes encoding nucleus-localized proteins
Among up-or down-regulated genes classified into "Nucleus" (Table 2) , genes subcategorized into "Cell cycle", "DNA synthesis and replication", "Proteasomal degradation", and "Transcription" were expected to be related to DNA reduplication. These genes are described in Table 4 . Genes involved in cell cycle regulation are closely related to DNA polyploidization events such as endoreduplication and endomitosis (Joubès and Chevalier, 2000) . Both endoreduplication and endomitosis lack mitosis entirely or partially. Joubès and Chevalier (2000) reported that the gene expression of mitotic cyclin decreased during endoreduplication. Among the genes classified into "Nucleus" (Table 2 ), 4 were subclassified into "Cell cycle". NFR3_07_31 (Cyclin-B1-4), NFR3_21_11 (Cyclin-A2-3), NFR3_ 23_70 (Actin-related protein 5) and NFR1_11_72 (Transcription factor AS1) were up-regulated. Among these genes, the tobacco homolog of NFR3_07_31 (Cyclin-B1-4) induces endomitosis (Weingartner et al., 2004) and the Arabidopsis homolog of NFR3_21_11 (Cyclin-A2-3) negatively regulates endoreduplication (Boudolf et al., 2009; Imai et al., 2006) .
Genes subclassified into "DNA synthesis and replication" were chosen because DNA synthesis and replication are necessary for DNA reduplication observed in GLaF fruit. NFR6_21_64 (Proliferating cell nuclear antigen 2), NFR3_30_15 (Origin recognition complex 2), and NFR2_11_50 (CDT1-like protein) were up-regulated in GLaF, whereas no gene in this category was down-regulated. The Arabidopsis homolog of NFR2_11_50 (CDT1-like protein) AtCDT1a is reported to regulate the endocycle number positively in endoreduplication (Castellano et al., 2004) . Proteasomes are extremely large protein complexes responsible for the degradation of ubiquitinated proteins. They are active in various biological processes including the cell cycle (Castellano et al., 2004; Kurepa et al., 2009 ). Sako et al. (2010) reported that in Arabidopsis, loss of function of a proteasome subunit increases endoreduplication levels. Accordingly, we considered the possibility that DNA reduplication in GLaF is caused by change in the gene expression level of a proteasome subunit. Six up-regulated genes were subclassified into the "Proteasomal degradation" category (Table 4) . NFR1_18_90 (26S proteasome regulatory subunit 4 homolog A) is one of the up-regulated genes, and the null mutant of its Arabidopsis homolog shows a high frequency of endoreduplication (Sako et al., 2010) .
It is possible that transcription factors cause DNA reduplication by regulating downstream gene expression. In Arabidopsis, the transcription factors MYB3R1 and MYB3R4 regulate the expression of cell cycle-related genes expressed in the G2/M phase such as CYCB2 and KNOLLE (Haga et al., 2007) . The Arabidopsis double null mutant myb3r1 myb3r4 showed incomplete cytokinesis and polykaryocytes (Haga et al., 2007) . Twenty up-regulated genes and 4 down-regulated genes were subcategorized into "Transcription" (Table 4) . Of these genes, NFW1_06_80 (Myb family transcription factor) belongs to the MYB family. However, this gene and their homologs have not been reported to regulate the cell cycle.
Genes encoding cytoskeleton-related proteins Some of the genes assigned to the "Cytoskeleton" category may regulate the division and transfer of the chromosomes, nucleus, and cytosol in mitosis, such that disruption of their expression causes DNA reduplication. Fifteen up-regulated and non-down-regulated genes were classified into "Cytoskeleton" and subclassified into "Cell cycle", "Actin cytoskeleton", "Microtubule cytoskeleton" and "Others" (Table 5 ). Among the genes subclassified into "Cell cycle", NFR3_23_70 (Actinrelated protein 5) was also listed in "Nucleus" in Table 2 .
The Arabidopsis homolog of NFR3_14_05 (Protein MOR1), MOR1 is required for cytokinesis, and a MOR1 mutant shows a cytokinesis-defective phenotype (Twell et al., 2002) .
Discussion
GLaF is a mutant branch that occurs in a 'La France' pear tree and its fruit size and fruit cell size are larger than those of 'La France' branches (Fig. 1) . The ploidy of a GLaF fruit flesh cell at harvest time is 4C (Isuzugawa et al., 2005) , whereas that of a 'La France' fruit flesh cell is 2C. Such a ploidy increase to 4C was not observed in the leaves or seeds of the GLaF branch, whose ploidy is 2C (Isuzugawa et al., 2005) . From these observations, it appears that the mutation occurring in the GLaF branch causes DNA reduplication specifically in fruit flesh so that the fruit flesh cell size increases. First we performed flow cytometric analysis to estimate when DNA reduplication occurs. As a result, cells of 4C ploidy, namely DNA reduplicated cells, were observed in 65% of GLaF fruit 1 week before full bloom (Fig. 2) . The major part of fruit cells had already completed DNA reduplication before active cell division; this is much earlier than general endoreduplication. Generally, once a cell enters the endoreduplication cycle, there is no way back to the mitotic cell cycle and the cell loses division competency (Joubès and Chevalier, 2000; Larkins et al., 2001; Seguí-Simarro and Nuez, 2008) . Because cell number reduction was not observed in GLaF (Isuzugawa et al., 2005) , we suggest that DNA reduplication occurring in GLaF is a consequence of endomitosis rather than endoreduplication. However, it is possible that one round of endoreduplication occurred in GLaF and then reverted to a mitotic cell cycle. Apple 'Grand Gala', which is a bud mutant of 'Gala', shows a similar phenomenon to GLaF. In 'Grand Gala', fruit-specific DNA reduplication is observed 2 days before full bloom, and it is suggested that DNA reduplication occurs by one cycle of endoreduplication (Malladi and Hirst, 2010) . In 'Grand Gala', higher cell production rates around bloom could compensate for the reduction of division competent cells due to endoreduplication (Malladi and Hirst, 2010) . This scenario could be applied to DNA reduplication in GLaF. To determine which type of DNA reduplication occurred in GLaF, it is necessary to perform cytological analysis.
To identify genes expressed differentially between GLaF and 'La France', microarray analysis was performed. To eliminate contamination with tissues other than the receptacle, because the core part (ovary and part of the receptacle) of GLaF fruit contains both 2C and 4C cells and seeds contain 2C cells (Isuzugawa et al., 2005) , RNA from the LM-isolated receptacle 1 week before full bloom (Fig. 4) was used. From the microarray results, 277 up-regulated genes and 120 down-regulated genes (more than 1.5 times higher or lower in GLaF than 'La France', t-test P < 0.05) were extracted as differentially expressed genes. Six genes showed more than 4 times higher or lower expression in GLaF (Table 1) . However, no gene was related closely to DNA reduplication among these 6 genes.
Classification of the differentially expressed genes according to the MIPS Functional Catalogue (Ruepp et al., 2004) revealed that genes categorized into subcellular localization categories "Nucleus" and "Cytoskeleton" were significantly enriched in the upregulated genes (Table 2 ). This observation is to be expected because the DNA reduplication of GLaF fruit is an event that occurs in the nucleus, and nucleoproteins and cytoskeletal proteins are intimately involved in cell cycle and cell division processes. Up-or down-regulated genes in the "Nucleus" category (Table 2) were subclassified and the subcategories closely associated with DNA reduplication, "Cell cycle", "DNA synthesis and replication", "Proteasomal degradation", and "Transcription" were selected (Table 4) . All of the genes in these subcategories were up-regulated in GLaF. "Cell cycle" was selected, because endoreduplication and endomitosis is caused by disruption of the cell cycle. "DNA synthesis and replication" was selected because DNA replication is a necessary step in the generation of a DNA-reduplicated cell. "Proteasomal degradation" was selected because loss of function of a proteasome subunit increases endoreduplication through degradation of cyclin proteins (Genschik et al., 1998; Sako et al., 2010) . "Transcription" was selected because some transcription factors regulate the cell cycle by regulating cell cycle-gene expression (Haga et al., 2007) . In these subcategories, we found genes whose homologs have been reported to be involved in DNA reduplication, Table 5 . Cytoskeleton-related protein coding genes that were differentially expressed between GLaF and 'La France' receptacles 1 week before full bloom. Shown are those at least 1.5-fold up-regulated in GLaF and with t-test P < 0.05. There was no down-regulated gene. namely NFR3_07_31 (Cyclin-B1-4) and NFR3_21_11 (Cyclin-A2-3) in "Cell cycle", NFR1_18_90 (26S proteasome regulatory subunit 4 homolog A) in "Proteasomal degradation", and NFR2_11_50 (CDT1-like protein) in "DNA synthesis and replication". A homolog of the gene NFR3_07_31 (Cyclin-B1-4), which was up-regulated in GLaF, is involved in endomitosis. Tobacco cells expressing nondegradable cyclin B1, whose destruction box was modified, experienced endomitosis and showed doubled DNA concentration (Weingartner et al., 2004) . It is accordingly possible that DNA reduplication in the receptacle cells of GLaF was caused by up-regulation of NFR3_07_31 (Cyclin-B1-4). Previously, in addition to tobacco CYCB1 (Weingartner et al., 2004) , rice CDKB2, and Arabidopsis GIG1/OSD1 were identified as endomitosis causative genes (Iwata et al., 2011; Endo et al., 2012) . It is important to confirm their expression levels; however, CDKB2 and GIG/OSD gene probes were not installed on the microarray.
Among the upregulated genes in GLaF, both positive and negative regulators of endoreduplication were found. Homologs of NFR3_21_11 (Cyclin-A2-3) and NFR1_18_90 (26S proteasome regulatory subunit 4 homolog A) were reported to be negative regulators of endoreduplication (Castellano et al., 2001 (Castellano et al., , 2004 Imai et al., 2006; Sonoda et al., 2009) . In Arabidopsis, a null mutation of RPT2a, a gene encoding 26S proteasome regulatory subunit 4 homolog A, or CYCA2-3 stimulated endoreduplication (Imai et al., 2006; Sako et al., 2010; Sonoda et al., 2009) . Furthermore, mitotic cyclins, including B1-type and A2-type cyclins, are downregulated when endoreduplication occurs (Joubès and Chevalier, 2000) . Accordingly inhibition of endoreduplication is expected from up-regulation of NFR3_21_11 (Cyclin-A2-3) and NFR1_18_90 (26S proteasome regulatory subunit 4 homolog A). These results suggest that DNA reduplication observed in GLaF was different from endoreduplication. On the other hand, next to these endoreduplication suppressing genes, NFR2_11_50 (CDT1-like protein), a homolog of the DNA replication licensing factor CDT1a, which contributes to increasing the endocycle number in Arabidopsis (Castellano et al., 2001 (Castellano et al., , 2004 , was up-regulated in GLaF. Although our transcriptome analysis suggests a mechanism that is divergent from endoreduplication, the occurrence of some endoreduplication stimulating genes (such as CDT1) is still expected to contribute to DNA reduplication in GLaF. The cell cycle is regulated by complicated and precise interactions among large numbers of cell cycle-regulating proteins. Either an increase or decrease in the expression of genes encoding these proteins may destabilize the cell cycle and lead to DNA reduplication by abnormal cell division.
NFR3_23_70 (Actin-related protein 5), which is a homolog of Arabidopsis ARP5, was also up-regulated in GLaF. ARP5 encodes a subunit of the chromatinremodeling complex, which is required for the exchange of histone-subunit isovariants in nucleosomes (Chen and Shen, 2007; Kandasamy et al., 2009) . ARP-dependent chromatin remodeling activity regulates the cell cycle and endocycle by directly priming the expression of transcription factors and cell cycle signaling proteins ). An Arabidopsis null mutant of ARP5 showed a moderately dwarfed phenotype and all organs were smaller than the wild type ). Zhang et al. (2011) performed cDNAamplified fragment length polymorphism analysis for Chinese pear 'Nanguoli' and its bud mutant 'Da Nanguoli', whose fruit size is larger than that of 'Nanguoli'. A gene encoding ARP was identified by cDNA-amplified fragment length polymorphism analysis and quantitative real-time PCR analysis as a candidate gene for the large-fruit mutation and as a differentially expressed gene between 'Nanguoli' and 'Da Nanguoli'. The above observations support the hypothesis that upregulation of NFR3_23_70 (Actin-related protein 5) contributes to increasing cell size in GLaF fruit.
Up-regulated genes classified into "Cytoskeleton" are listed in Table 5 . No down-regulated gene in this category was identified. Many up-regulated genes encode actin or tubulin elements of the cytoskeleton. Cytoskeleton functions in the movement of organelles and chromosomes during cell division. Colchicine inhibits tubulin polymerization and causes DNA reduplication (Eigsti, 1938; Levan, 1938) . The occurrence of nuclear fusion, which generates doubled DNA cells, is closely related to the movement of actin filaments (Seguí-Simarro and Nuez, 2008; Shim et al., 2006) . Based on these ideas, it may be speculated that up-regulation of genes encoding actin and tubulin genes affects cell division, particularly nuclear division, leading to the DNA reduplication observed in GLaF fruit. NFR3_23_70 (Actin-related protein 5) and NFR3_14_05 (Protein MOR1) were up-regulated in GLaF and classified into "Cytoskeleton" and "Cell cycle". NFR3_23_70 (Actin-related protein 5) has been discussed above. The Arabidopsis knockdown mutant of MOR1, the homolog of NFR3_14_05 (Protein MOR1), shows a cytokinesis-defective phenotype in pollen and increases the proportion of DNA reduplicated cells (Twell et al., 2002) . NFR3_14_05 (Protein MOR1) was not down-regulated but up-regulated in the GLaF receptacle so that the phenomenon in Arabidopsis MOR1 mutant cannot apply to GLaF. However, it is still possible that a change in NFR3_14_05 (Protein MOR1) expression induced abnormal cell division, leading to the DNA reduplication observed in GLaF.
In this study, we found DNA reduplication of GLaF 1 week before full bloom (Fig. 2) and identified genes expressed differently between GLaF and 'La France' in the receptacle 1 week before full bloom. We assumed that the DNA reduplication observed in GLaF fruit is due to endomitosis, rather than endoreduplication. In this connection, the upregulation of NFR3_07_31 (Cyclin-B1-4) whose tobacco homolog was involved in endomitosis (Weingartner et al., 2004) , is noteworthy. However, it is possible that a proportion of cells underwent one round of endoreduplication while division competent cells resumed the mitotic cycle at full bloom. Therefore, endoreduplication-related gene homologues such as NFR3_21_11 (Cyclin-A2-3), NFR2_11_50 (CDT1-like protein) and NFR1_18_90 (26S proteasome regulatory subunit 4 homolog A) were also notable.
However, it was also important that a probe for the gene responsible for GLaF mutation was not present on the Japanese pear oligoarray. Therefore, we performed next-generation sequencing analysis on GLaF and 'La France' receptacles to identify sequence information and to perform differential gene expression analysis (Nashima et al., submitted) . Further studies may shed more light on the DNA reduplication mechanism in GLaF and identify the gene responsible for GLaF mutation.
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